A hemagglutination (HA)-typing system has been developed for the presumptive identification of enterotoxigenic Escherichia coli (ETEC) possessing the colonization factor antigens (CFA) CFA/I or CFA/il. E. coli isolates are grown on CFA agar and tested for mannose-sensitive (MS) or mannose-resistant (MR) HA of human, bovine, chicken, and guinea pig erythrocytes. CFA/I-positive ETEC exhibit MRHA with human, bovine, and chicken erythrocytes, but no HA with guinea pig erythrocytes. CFA/II-positive ETEC produce HA (MRHA) only with bovine and chicken erythrocytes. Common pili appear to be the primary MS-hemagglutinin of E. coli because the prototype strain K-12 exhibits HA (MSHA) with all but bovine erythrocytes. However, only 6.6% (23 of 351) of E. coli belonging to the classical enteropathogenic E. coli serogroups (EPEC) possessed the same HA pattern as strain K-12; 42% of the EPEC cultures (146 of 351) were similar to K-12 in producing MSHA with chicken and guinea pig erythrocytes and no HA with bovine erythrocytes, but different in that these produced either no HA or MRHA with human erythrocytes. These EPECassociated HA patterns were assigned to a separate category, termed HA type III. Non-EPEC serogroups associated with sporadic diarrhea (i.e., the facultatively enteropathogenic E. coli, or FEEC) and 41% (19 of 46) of available Salmonella isolates also produced HA type III patterns. This observation is of considerable interest because many FEEC possess somatic antigens cross-reactive with Salmonella. Although the biochemical basis for this result has not been established, the data reported herein suggest a relationship between the HA type III phenotype and virulence (enteropathogenicity) in both the EPEC and FEEC serogroups. We propose that HA typing be used in conjunction with serotyping of E. coli to determine the degree of association of HA type III E. coli with sporadic diarrhea in infants and young children.
In general there are three major groups of Escherichia coli which are classified as enteropathogenic because of their association with intestinal infections characterized by acute diarrhea. Each of these groups is comprised of E. coli belonging to specific somatic 0 groups, including specific O:H serotypes, which apparently share a specific mode of pathogenesis. Enteropathogenic E. coli, or EPEC, is the term usually reserved to denote a collection of serogroups historically associated with outbreaks of diarrhea in infants and young children (18) . Another group of E. coli associated with acute diarrhea in the young is comprised of those E. coli serogroups which are Shigella-like in antigenic composition and, like the shigellae, produce infection characterized by the penetration and destruction of mucosal tissue (28) . Enterotoxigenic E. coli, or ETEC, are defined as those which produce a heat-stable enterotoxin (ST), a heat-labile enterotoxin (LT), or both (10) . ETEC adhere to and colonize the epithelial cell surfaces of the small intestine but do not penetrate the mucosal tissue (12, 13) . Colonization of ETEC is mediated by specific types of fimbriae. These fimbriae appear to determine host specificity because the adherence factors K88 and K99 are found on ETEC enteropathogenic for animals, and the colonization factor antigens (CFA) CFA/I and CFA/II are found on ETEC enteropathogenic for humans (9, 24) . Non-enteropathogenic E. coli also may produce fimbriae; these have been characterized as common, or type 1, pili (1, 7, 29) . K88, K99, CFA/I, CFA/II, and 336 common pili are antigenically distinct, and each ofthese is a hemagglutinin identifiable according to the species of erythrocyte agglutinated (9, 11, 23) . Also, hemagglutination (HA) by E. coli cells possessing adherence, or colonization factor, fimbriae is mannose-resistant (MR), whereas HA mediated by common pill is inhibited by mannose (MS) (9, 11) .
This report describes the results of an investigation of the efficacy of an HA-typing system designed as a tool for the presumptive identification of ETEC. Because HA tests would usually be carried out with E. coli isolates from stools of diarrhea cases of unknown etiology, E. coli isolated from normal healthy individuals and isolates belonging to the classical EPEC and Shigella-like serogroups were included for comparison. In addition to presenting data which demonstrate the efficacy of this HA-typing system, we present evidence that EPEC isolates also frequently possess a distinctive HA pattern which is shared by Salmonella.
MATERIALS AND METHODS
Bacterial cultures. ETEC were obtained from individual cases and from several outbreaks of acute diarrhea during studies on the etiology of diarrheal disease in infants, children, and adults in the U.S.A., Mexico, and Bangladesh (9) . Outbreak-associated strains are represented in this work by single isolates. E. coli possessing CFA/I or CFA/II almost invariably produce both ST and LT (9) . Isolates and spontaneous laboratory derivatives of ETEC which produce only ST or only LT are usually negative for CFA (9, 15) . ETEC belonging to these various phenotypes were HA typed for comparison as described below. Non-ETEC and non-EPEC controls were obtained mainly from the stools of healthy individuals participating in the studies referred to above. E. coli belonging to the Shigella-like serogroups were kindly contributed by B. Rowe (London, England) and L. Trabulsi (Sao Paulo, Brazil). Most of the cultures of E. coli belonging to the EPEC serogroups were kindly contributed upon request by other investigators, as detailed below (Table 6). Shigella and Salmonella cultures were either stock reference cultures or isolates from the abovementioned sources.
Culture conditions and enterotoxin assays. Stock cultures were maintained on agar slants composed of 2% peptone-0.5% NaCl-2% agar at room temperature or frozen in CYE broth medium (16) plus 15% glycerol at -65oC. All hemagglutination tests were performed as described below with cells grown on CFA agar (11) . CFA agar consists of 1% Casamino Acids (Difco) and 0.15% yeast extract (Difco) plus 0.005% MgSO4 and 0.0005% MnCl2 with 2% agar added.
The pH of this medium was not adjusted upward, as with CYE broth, but was used at approximately pH 7.4 . CYE broth was used to grow cultures for the assay of ST and LT. Culture supernatant fluids were assayed for ST by the method of Dean et al. (4) and for LT by the in vitro passive immune hemolysis technique (14) and by the Y-1 cultured adrenal cell assay of Donta et al. (5) .
Serotyping. Serotyping was carried out as previously described for the ETEC strains (9, 22) . Many, but not all, of the non-EPEC used as controls were also serotyped. EPEC and Shigella-like E. coli cultures were usually serotyped by the source laboratory. Thus, most of the results described here are interpreted in relation to somatic, or 0, group rather than complete serotype. Serological confirmation of CFA/I and CFA/JI was performed with specific sera as previously described (9, 11) .
HA tests. Type A human blood was drawn from volunteer donors and placed into a tube containing 1.0 ml of 3.8% citric acid, in distilled water, per 9.0 ml of blood. Blood was diluted 1:4 with phosphate-buffered saline (PBS), pH 7.2, to test for HA and 1:4 with 1% mannose in PBS to test for MRHA. The same procedure was used for blood freshly drawn from guinea pigs and for adult chicken and bovine blood obtained from Flow Laboratories, Inc., Rockville, Md.
HA tests were performed by slide agglutination as follows. Bacterial cells from either individual colonies or confluent growth were obtained from cultures grown for 18 h on CFA agar plates. Growth was picked up with a sterile wooden toothpick and mixed with a drop of the appropriate species of blood (ca. 0.020 ml) on a microscope slide at room temperature. After observation for about 1 min, the slides showing less than maximum HA were placed on the surface of ice and observed for at least 2 min with intermittent mixing by rotation of the slide. Results were recorded as follows. A 4+ reaction was instantaneous and complete, involving all of the erythrocytes; lesser degrees of HA were recorded as 3+, 2+, 1+, or negative (N) (11) . HA was denoted as MR (R) if the same degree of HA occurred with and without mannose, and as MS (S) if HA was prevented or grossly reduced in the presence of mannose. RESULTS HA patterns of ETEC. As we recently reported, most isolates of ETEC from humans which produce both ST and LT also produce a fimbrial CFA, either CFA/I or CFA/II, and the type of CFA produced is clearly related to its E. coli serotype (9, 12) . CFA/I is a hemagglutinin detectable with human type A erythrocytes (11) , and CFA/II is a hemagglutinin detectable with bovine erythrocytes (9) . Both CFA mediate MRHA. E. coli possessing common, or type 1, pili cause MSHA of guinea pig erythrocytes and also of human erythrocytes (29) . It has been speculated that common pili may be a virulence factor of E. coli and Salmonella, but experimental evidence has not supported this view (6) 23, 1979 from non-ill adults and children. A significant proportion (42%) of the EPEC cultures produced the HA patterns NNSS and RNSS, and, therefore, these HA patterns are designated as HA type III. It is significant that 4 of 18 (22%) of the Shigella-like E. coli cultures tested also belong to HA type III. In addition, 37 non-EPEC, non-Shigella-like E. coli exhibited HA type III patterns; 9 were CFA-negative ETEC, 19 were isolates from diarrhea cases, and 9 were from healthy controls (Table  3) . Thus, all but nine of the E. coli belonging to HA type III were either EPEC or Shigella-like E. coli or otherwise associated with diarrhea.
HA ative stability of individual isolates. These factors could easily account for the large variability between isolates from different sources ( Table   6 ). From 8% to 89% of the EPEC cultures were positive for HA type III, depending on the source. Cultures isolated in our laboratory from recent diarrhea cases from three different hospitals, mostly serogroup 0119, were consistently positive for the HA type III phenotype, whereas grouping these with isolates collected over a period of 2 years (source N, Table 6 ) produced a result of 53% positive for HA type III and a much older collection (source M, Table 6 ) maintained under oil on trypticase soy agar slants at room temperature was only 18% HA type III.
EPEC cultures from documented cases and outbreaks of diarrhea, or enteritis, dating back to 1953, were frequently found to exhibit the HA type III phenotype. Tables 2 and 5) .
In Figure 1 , the lower rectangular region represents HA type IV E. coli. These are the nonenteropathogenic, or normal flora, strains which include serogroups of E. coli which are potentially enteropathogenic; this is indicated by the dashed lines. For example, many ETEC isolates belong to HA type IV because they lack CFA/I and CFA/II, but produce ST or LT enterotoxin. Region C denotes the FEEC group, which consists, for the most part, of serogroups recognized as normal flora, but which may cause sporadic INFECT. IMMUN. cases of diarrhea, enteritis, and extra-intestinal illness and, furthermore, exhibit the HA type III phenotype (data presented in Table 8 ).
In Fig. 1 , the upper triangular regions signify interrelationships between enteropathogenic E. coli and other genera of enteropathogens based primarily on the three different modes of pathogenesis: enterotoxigenicity, the nondestructive intramucosal involvement of Salmonella, and the destructive invasiveness of Shigella, respectively. Of central importance is the evidence presented in Table 10 that Salmonella, like EPEC, frequently possess the HA type III phenotype. Phenotype is the preferred expression because the existence of a single or unique surface-associated MS hemagglutinin need not be implicated to account for the observed relationships. This is analogous to the fact that non-E. coli enteropathogens may produce enterotoxins very similar to or very different from those of ETEC. DISCUSSION HA tests with bacterial cells are rapid, simple, and economical to perform and thus are convenient for the prompt screening of large numbers of isolates for hemagglutinins. However, because E. coli isolates may produce a variety of surfaceassociated hemagglutinins, criteria must be set in order to classify and interpret HA test results. We previously reported that MRHA of human and bovine erythrocytes is indicative of the presence of CFA/I fimbriae on ETEC and that CFA/JI-positive ETEC produce MRHA with VOL. 23, 1979 bovine but not human erythrocytes (9, 11) . As reported here, additional criteria are now available for the identification of CFA-positive ETEC in that both CFA/I and CFA/II produce MRHA of adult chicken but not guinea pig erythrocytes. Thus, it was possible to design a highly reliable HA-typing system for the presumptive identification of CFA-positive E. coli in which these four species of erythrocytes are used to test for HA in the presence and absence of mannose. For convenience and brevity, the results can be expressed in the order human/bovine/chicken/guinea pig, employing R for MRHA, S for MSHA (mannose-sensitive HA) and N for HA negative. For example, RRRN is the major HA pattern produced by CFA/I-positive ETEC. The simultaneous presence of a hemagglutinin producing MSHA in an otherwise negative test will result in a slightly altered but still representative HA pattern, for example RRRS instead of RRRN, keeping in mind that an MR hemagglutinin will mask an MS hemagglutinin. After serologically confirming the presence of CFA/I, or CFA/II, on isolates producing such minor HA patterns, we adopted the terms HA types I and II to designate those HA patterns exhibited by CFA/I-positive ETEC and CFA/il-positive ETEC, respectively (Table   2 ).
Our classification of the HA patterns NNSS and RNSS as HA type III is based on the analysis of a large number of EPEC and non-EPEC isolates from numerous and diverse sources, as shown in Tables 2, 3 Even though the biochemical basis of the HA type III phenotype is yet to be elucidated, the distribution of this phenotype with respect to the different classes of enteropathogenic E. coli indicates that this phenotype may somehow be related to virulence. This conclusion does not necessitate the assumption that EPEC possess a single specific virulence factor detectable as an MS hemagglutinin. However, the existence of only two primary MR hemagglutinins as virulence factors of human-associated ETEC certainly provides a firm basis for such a hypothesis.
Our current investigations concern the various possible relationships which may exist between the HA type HI (NNSS) hemagglutinin(s) and common pili (SNSS) and the questions which arise from the observation that Salmonella species possess HA type III hemagglutinin(s). One important possibility is that both EPEC and Salmonella might produce common pili plus a factor or factors preventing MSHA of human erythrocytes so that NNSS is observed rather than SNSS. We plan a thorough antigenic analysis of representative strains in conjunction with assays of virulence in order to answer these questions.
HA of human erythrocytes by E. coli has been reported many times (7, 19, 20, 26) (27, 28) that the nondysentery (so-called noninvasive) EPEC closely resemble Salmonella. Sakazaki et al. (27) ob-served that Salmonella, like EPEC, must attain a large population in the intestine in order to initiate the disease state and theorized that virulence in Salmonella and in noninvasive EPEC is dependent upon a special ability to multiply in the intestine of the host. This is in contrast to Shigella and Shigella-like E. coli which initiate disease at very low infective doses (8) . Furthermore, Polotsky et al. (25) have recently presented evidence that noninvasive, non-ETEC behave like Salmonella in producing a limited penetration of the brush border and reaching the lamina propria but not producing dysenterylike lesions ofthe mucosa. We have found similar results, i.e., limited penetration without tissue destruction (but sometimes accompanied by septicemia) with EPEC in the infant rabbit intestine (unpublished data). Thus, it can be speculated that those surface properties of EPEC and Salmonella which are detectable as the HA type III pattern NNSS may be precisely those which are optimal for the limited penetration mode of pathogenesis shared by these organisms.
We feel that serious consideration should be given to the concept of FEEC, as put forth by Czirok et al. (2) . This rather large group of E. coli serogroups includes those which are for the most part members of the normal flora, of which seven (04, 018ac, 019,025,075,078, and 0117) were associated with sporadic cases of enteritis in infants on the basis of specific anti-somatic antibody responses detected with paired sera. Also, Czirok et al. (3) and others (21, 31) Table 8 have additional significance in the light of the above information. Fifteen non-EPEC serogroups associated with diseases of unknown etiology, mostly from children, and exhibiting the HA type III phenotype include 13 (ca. 87%) which we consider to be suspect enteropathogens on the basis of at least two of the following five criteria: (i) possession of the HA type III phenotype, (ii) serogroup cross-reactive with Salmonella serogroup, (iii) serogroup cross-reactive with EPEC serogroup, (iv) documented association with sporadic diarrhea or enteritis with or without septicemia, and (vi) documented association with extra-intestinal infections including meningitis. As noted in Table 8 above, these same serogroups are, for the most part, known as members of the normal flora so that the mere presence of these serogroups in stools is of no real significance. On the other hand, of six serogroups known to be associated with neonatal meningitis (24) (24) and those in the present report (Tables 3 and 8) .
Finally, we would emphasize the fact that the etiology of infectious diarrhea remains largely unknown for infants and young children in spite of recent advances in the technology of identification of the so-called newer agents, i.e., ETEC and rotavirus (30% undiagnosed according to one recent estimate [32] ). In 1977, Gangarosa and Merson (17) pointed out the pitfalls in the practice of serotyping E. coli as practiced in the U.S.A. and stated that the routine serotyping of E. coli is "for all practical purposes useless." These authors cited the decline in EPEC-associated outbreaks and the increased recognition of sporadic and outbreak-associated ETEC, suggesting that serotyping for ETEC identification may be a worthy effort. However, our investigations concerning diarrhea in the younger age group in the U.S.A. have shown very little contribution by ETEC, a detectable involvement of EPEC in hospitalized infants and children and suggestive evidence that the above-defined FEEC may contribute to a greater extent to sporadic diarrhea than either EPEC or ETEC. Because FEEC includes serogroups normally found as normal flora, we agree that serotyping alone will be of very little value and we suggest, as a more practical approach, HA-typing before serotyping of suspect isolates. 'Hopefully, the value of HA-typing as a diagnostic tool will be proven by prospective studies determining the incidence of HA type III EPEC and FEEC in ill versus healthy infants and young children. We are optimistic that this approach will narrow the gap between the incidence of diarrhea in this age group and the incidence of successful diagnosis of etiological agents.
